Introduction {#Sec1}
============

Replacement of neuronal populations in the injured or diseased central nervous system (CNS) is currently one of the most popular therapeutic goals, but if neuronal replacement is attempted in the absence of appropriate supporting cells (i.e., astrocytes and oligodendrocytes), then the chances of restoring neurological function are greatly reduced. The requirement for myelination of CNS fibers to achieve normal impulse conduction has long been recognized, and myelin deficiency is thought to be responsible for neurological dysfunction in a wide range of genetic diseases, chronic degenerative conditions, and in traumatic injury to the CNS. However, it is now widely recognized that the astrocyte is also a fundamental contributor to normal CNS function, with roles in providing substrates for axonal outgrowth, regulating dendritic arborization, promoting synaptic function, producing survival factors for neurons and oligodendrocytes and mitogens for progenitor cells, inducing formation of the blood-brain barrier, maintaining the metabolic microenvironment of the CNS, sequestering neurotransmitters and, in some situations, promoting recovery after traumatic injury (to name just a few) \[[@CR1]--[@CR24]\]. Thus, in seeking to repair the adult CNS, the presence of functional astrocytes is likely to be critically important in restoring normal CNS function.

Strategies for oligodendrocyte replacement with populations of purified CNS progenitor cells have been pursued for more than 20 years \[[@CR25], [@CR26]\], have provided clear functional benefit \[[@CR27]--[@CR29]\], and have been associated recently with notable successes in human oligodendrocyte replacement in experimental animals \[[@CR30]--[@CR33]\]. Oligodendrocyte replacement has been conducted using lineage-restricted progenitor cells directly isolated from the developing or mature CNS of rodents, dogs, and humans, with neuroepithelial stem cells and with oligodendrocyte progenitor cells derived from embryonic stem cells of murine and human origin \[[@CR25]--[@CR38]\].

In contrast with progress in the repair of damage to myelin by transplanting cells capable of generating oligodendrocytes, replacement of astrocytes as a therapeutic strategy has been far less explored. Transplantation carried out using astrocytes generated as purified cell populations from the developing rodent CNS has provided marginal benefit in animal models of brain and spinal cord injury (SCI). Therefore, until recently, transplantation of astrocytes has not provided the level of benefit obtained by transplantation of other cell types. However, more recently, transplants of distinct types of astrocytes into the SCI have demonstrated both the utility of astrocyte transplants and the functional heterogeneity of astrocyte subtypes \[[@CR39]--[@CR41]\].

Astrocyte Dysfunction Occurs in Multiple Neurological Diseases and in Traumatic Injury to the CNS {#Sec2}
=================================================================================================

The lack of progress in the development of astrocyte transplantation therapies stands in striking contrast with progress in understanding the importance of astrocytic dysfunction in contributing to a wide range of CNS disorders. The first indications that abnormalities in astrocyte function may contribute to genetic diseases of the CNS, paradoxically came from studies on two leukodystrophies (diseases characterized by abnormal development and/or degeneration of the myelinated white matter tracts of the CNS). Studies on the mutations responsible for Alexander disease, a sporadically occurring leukodystrophy that appears in the absence of familial history, localized these mutations in 2001 to the gene for glial fibrillary acidic protein (GFAP), one of the major intermediate filament proteins in astrocytes \[[@CR42]--[@CR45]\]. Thus, in this disease, a dominant mutation in an astrocytic cytoskeletal protein can cause neurological disease. Four years later, studies on Vanishing White Matter disease (Online Mendelian Inheritance in Man (OMIM) \#603896, a recessively inherited leukodystrophy) revealed that CNS precursor cells isolated from a child who had died of this disease had a greatly reduced ability to generate astrocytes in response to signaling molecules known to induce differentiation into such cells, and those astrocytes that were generated were morphologically abnormal \[[@CR46]\]. Moreover, genetic mimicking of the dysfunction in EIF2B5 (1 of the 5 ribosomal regulatory proteins for which mutations can cause Vanishing White Matter disease) in normal human glial precursor cells compromised their ability to generate astrocytes in vitro. In vivo, lesions in the CNS of children with this disease show a remarkable lack of astrocytes, in contrast with the gliotic response that is characteristic of virtually all other CNS lesions.

In subsequent years, dysfunction of astrocytes has also been suggested to be of importance in models of amyotrophic lateral sclerosis \[[@CR47]\], forebrain ischemic injury \[[@CR48]\], epileptic seizures \[[@CR49]\], Huntington's disease \[[@CR50], [@CR51]\], tuberous sclerosis \[[@CR52]\], Rett syndrome \[[@CR53]\], and Parkinson's disease \[[@CR54], [@CR55]\]. The types of changes in astrocyte function thought to be important in these diseases are varied, and include putative secretion of toxic agents \[[@CR47]\], organic cation transport \[[@CR54]\], changes in astroglial AMPA-class glutamate receptors \[[@CR49], [@CR56]\], or gap junction coupling \[[@CR52]\]. Thus, it appears that multiple interruptions to normal astrocyte function can contribute to the pathogenesis of a variety of neurological diseases.

There are also astrocytic functions that appear to have negative outcomes in CNS disease, these being the generation of astro-glial scar tissue after CNS injury. It has long been known that reactive astrocytes within glial scar tissue contribute to the failure of axon regeneration in sites of traumatic brain injury or SCI \[[@CR57]--[@CR61]\], and may, at least theoretically, inhibit oligodendrocyte progenitor cell entry into the lesion site \[[@CR62]\]. Multiple inhibitory molecules have been identified that are expressed by reactive astrocytes in traumatic CNS injuries, including a variety of chondroitin sulfate proteoglycans that inhibit axon growth \[[@CR59], [@CR63]--[@CR68]\]. It is not known whether other functions of healthy astrocytes are compromised when scar tissue is generated, but just the formation of axon growth inhibitory glial scar itself represents another means by which alterations in the function of astrocytes can compromise neurological recovery.

Glial Restricted Precursor Cells as a Potential Source of Astrocytes for Transplantation {#Sec3}
========================================================================================

The recognition that astrocyte dysfunction may play an important role in a wide range of neurological disorders raises the question of whether astrocyte transplantation could be of therapeutic value in treating the injured or diseased human CNS. Tests of this possibility in animal models, however, have not been promising until recently. Despite the ability of postnatal cortex-derived astrocytes to provide an effective substrate for promoting axonal outgrowth in vitro \[[@CR1]--[@CR3], [@CR6], [@CR69], [@CR70]\], in terms of promoting functional recovery, transplantation of astrocytes has given rise to mixed results, at best, in animal models of Parkinson's disease \[[@CR71], [@CR72]\] and has provided only modest benefit in experimental spinal cord injuries \[[@CR73]\].

One possible reason for these modest outcomes in previous astrocyte transplantation studies may be the methods used to isolate these cells from the immature CNS. Although astrocyte purification has been in use for almost 30 years \[[@CR1], [@CR74], [@CR75]\], populations of astrocytes maintained in vitro for even relatively short periods of time soon express inhibitory properties such as those seen in glial scar tissue \[[@CR76]\]. A central challenge, therefore, in the development of astrocyte transplantation therapies is the identification of the means of obtaining pure populations of these cells, in ways that do not suppress their beneficial attributes. Thus, it has become clear that a different approach to astrocyte generation is required to test the potential of astrocyte replacement therapies for treatment of the injured and diseased CNS.

Our approach to astrocyte generation relies on generating these cells directly from an embryonic glial-restricted progenitor (GRP) cell that we have proposed is the earliest glial-restricted ancestor of the various glial cell populations of the spinal cord \[[@CR77], [@CR78]\]. GRP cells are first observed in the embryonic day 12 to 13 rat or mouse spinal cord, and appear to be the first glial-restricted cell populations generated from neuroepithelial stem cells \[[@CR79], [@CR80]\] (summarized in Fig. [1](#Fig1){ref-type="fig"}). GRP cells appear to be directly derived from neuroepithelial stem cells (NSCs), and appear at the same developmental stage at which NSCs generate parallel populations of neuron-restricted precursor cells \[[@CR81]\].Fig. 1Schematic representation of the lineage relationships of the cell types relevant to this review. Neuroepithelial stem cells (not shown) give rise to glial-restricted precursor (GRP) cells. GRP cells in turn can give rise to two different kinds of astrocytes depending on the signaling molecule to which they are exposed. GRP cells also can generate oligodendrocyte-type-2 astrocyte (O-2A) progenitor cells. O-2A progenitor cells in turn are the ancestors of oligodendrocytes, but can also give rise to an adult-specific variant of the O-2A progenitor cell. O-2A progenitor cells (referred to in the text as O-2A/OPCs) also can give rise to type-2 astrocytes, which have may antigenic characteristics in common with astrocytes generated by exposing spinal cord GRP cells to ciliary neurotrophic factor (GDAs^CNTF^)

Both GRP cells and NRP cells can be directly isolated from the developing rat spinal cord and grown as purified populations \[[@CR81]\]. Freshly isolated cells exhibit the same lineage restrictions as those cells derived from NSCs in vitro. Clonal studies have demonstrated that GRP cells retain their tri-potential nature even after weeks of in vitro expansion and several serial re-clonings \[[@CR80]\], and GRP cells also exhibit these same restrictions following transplantation in vivo*.* GRP cells generate both oligodendrocytes and astrocytes following transplantation into brain or spinal cord \[[@CR39], [@CR41], [@CR82]--[@CR91]\], and do not generate neurons even when they migrate into such neurogenic zones as the rostral migratory stream and olfactory bulb \[[@CR86]\]. Cells with GRP cell-like characteristics can be isolated from the embryonic human \[[@CR41], [@CR92]\], rat, and mouse spinal cords \[[@CR80]\], and can be generated from embryonic stem cells \[[@CR93]\] or neural epithelial stem cells \[[@CR79]\] from both the murine as well as the human system \[[@CR94]\]. It is important to add a cautionary note; however, to say that we consider it premature to suggest that the human cells are fully identical with the rodent-derived cells in their biology. Nonetheless, there are remarkable similarities, as will be illustrated when we discuss our work on transplantation of human glial precursor cell-derived astrocytes.

GRP cells differ from the much more widely studied oligodendrocyte/type-2 astrocyte progenitor cell (also referred to as an oligodendrocyte precursor cell, and here abbreviated as an O2A/OPC), and these two populations clearly represent distinct cell types \[[@CR78], [@CR80]\]. O-2A/OPCs are only able to generate one antigenic population of astrocytes, a population of A2B5 plus GFAP plus type-2 astrocytes, originally referred as type-2 astrocytes \[[@CR95], [@CR96]\]. Spinal cord-derived GRP cells, in contrast, can generate two different astrocyte populations: type-2 astrocytes and a population of A2B5-negative/GFAP + cells that were originally given the name of type-1 astrocytes \[[@CR95], [@CR97]\]. It is important to note that GRP cell populations isolated from the embryonic telencephalon (tGRP cells) differ yet again in their differentiation potential. Studies on tGRP cells, in fact, offer an important lesson in the importance of not drawing premature conclusions about astrocyte phenotypes. Whether tGRP cells are exposed to BMP or CNTF, they generate a population with the morphological phenotype and A2B5-negative antigenic phenotype of type-1 astrocytes \[[@CR98]\]. Nonetheless, our ongoing studies demonstrate functional differences in these two astrocyte populations.

Freshly isolated GRP cells from the E13.5 rat spinal cord or the E15 telencephalon are dependent on exposure to fibroblast growth factor-2 (FGF-2) for both their survival and their division, whereas division and survival of O-2A/OPCs can be promoted by platelet-derived growth factor (PDGF) and other chemokines. Consistent with this difference in chemokine-response patterns, GRP cells freshly isolated from the E13.5 spinal cord do not express receptors for PDGF, although they do express such receptors with continued growth in vitro or In vivo. These populations also differ in their response to inducers of differentiation. For example, exposure of GRP cells to the combination of FGF-2 and ciliary neurotrophic factor (CNTF) induces these cells to differentiate into astrocytes (primarily expressing a morphological and antigenic phenotype of type-2 astrocytes for spinal cord GRP cells and type-1 astrocytes for tGRP cells \[[@CR80], [@CR98]\]). In contrast, exposure of O-2A/OPCs to FGF-2 plus CNTF promotes the generation of oligodendrocytes \[[@CR99]--[@CR101]\]. Moreover, the behavior of O-2A/OPCs and GRP cells following transplantation is strikingly different. The ability of both spinal cord GRP cells and tGRP cells to readily generate astrocytes following transplantation into the adult CNS stands in striking contrast to the behavior of primary O-2A/OPCs, which appear to be primarily committed to the generation of oligodendrocytes in such situations \[[@CR102]--[@CR104]\]. This may not be an absolute difference, however, as there appears to be conditions (discussed as follows) in which O-2A/OPCs will generate astrocytes following injury, and their capacity to do so after transplantation is going to require more careful analyses.

It currently appears that GRP cells and O-2A/OPCs represent a developmental transition, with the second population appearing from first as development proceeds. in vitro studies showed that GRP cells give rise to O-2A progenitor cells and that it was a seemingly necessary step in the generation of oligodendrocytes from GRP cells \[[@CR105]\], suggesting that the sequential appearance of these two progenitor cell populations during CNS development represents stages of differentiation within a single glial lineage \[[@CR78]\].

Astrocytic Pre-Differentiation is Required to Promote Regeneration Using Cells of the GRP Cell Lineage {#Sec4}
======================================================================================================

The ability to isolate and grow large quantities of GRP cells in vitro enabled us to generate pure populations of astrocytes without requiring extended in vitro growth of the astrocytes themselves. This enabled a direct comparison of the usefulness of GRP cells and glial restricted precursor-derived astrocytes (GDAs) in promoting recovery from SCI.

Despite the apparent role of GRP cells in generating the glial cells of the developing spinal cord, transplantation of these cells only provided modest benefit when transplanted into experimental lesions of the spinal cord. When transplanted into the contused cord, these cells showed some ability to reduce proteoglycan deposition in the adjacent host tissue \[[@CR85]\]. More recently, transplantation of rat GRP cells has been shown to improve some autonomic functions when combined with modulation of cyclic AMP (cAMP) levels, but failed to provide improvements in tests of locomotor recovery \[[@CR88]\].

SCI experiments conducted through collaboration between our research teams in Denver and Rochester, however, showed that in contrast with transplantation of GRP cells themselves, transplantation of GRP-derived astrocytes generated by exposure of embryonic GRP cells to bone morphogenetic protein-4 (GDAs^BMP^) promotes marked benefit in SCI \[[@CR39]\]. GDA^BMP^ transplantation promoted robust behavioral recovery in adult rats with unilateral dorsolateral funiculus (DLF) lesions to the extent that transplanted animals became statistically indistinguishable from uninjured animals in the grid-walk/horizontal ladder test of volitional foot placement (Fig. [2](#Fig2){ref-type="fig"}). In addition, transplantation of GDAs^BMP^ also suppressed the expression of axon growth inhibitory chondroitin sulfate proteoglycans (CSPGs) at sites of injury, provided neuroprotection to neurons of the red nucleus, and promoted extensive regeneration of injured dorsal column axons into the injury center and out into white matter beyond the injury site. GDA^BMP^ transplantation also induced a striking realignment of injured tissue, in which the normally misaligned structure of the glial scar was replaced by parallel arrays of astrocyte processes linearly organized along the longitudinal axis of the spinal cord. Regeneration of endogenous dorsal column axons was equally robust, with 66% of axons reaching injury centers and 39% of axons having grown extensive distances within distal white matter in just 8 days. Further tests with adjacent micro-transplants of adult mouse DRG neurons expressing green fluorescent protein, a technique that enabled us to unambiguously distinguish between axonal regeneration and sprouting, confirmed the robust support of axon growth across spinal cord injuries provided by GDAs^BMP^. Thus, this single modality therapy provides (and generally exceeds) benefits otherwise only obtained with approaches that have combined cell-based therapies with biomaterials, genetic modification of transplanted cells, and/or co-administration of bioactive proteins or pharmacological agents.Fig. 2Transplantation of astrocytes generated by exposing GRP cells to BMP (i.e. GDAsBMP), but not of the GRP cells themselves, promotes extensive axonal regeneration, tissue reorganization and behavioral recovery following experimental spinal cord injury. In this behavioral grid-walk (foot placement) assay, animals are first trained until they make a few mistakes. Injury is associated with a sharp increase in the number of mistakes and an absence of recovery, and transplantation of GRP cells does not promote improvements in outcome. In contrast, GDA^BMP^ transplantation provides initial protection and promotes behavioral recovery so extensive that by the end of 4 weeks many of the transplanted animals cannot be statistically distinguished from nonoperated control animals by this assay. (**b**) Examination of the distance of regeneration of biotinylated dextran amine (BDA)-labeled axons across the transected spinal cord at 8 days postinjury reveals that in animals transplanted with GDAs^BMP^, nearly two-thirds of labeled axons grew as far as the injury center and the majority of these grew back into the distal cord, often extending distances of 5 mm beyond the injury center. In contrast, only a small fraction (\<5%) of BDA-labeled axons reached the injury center in animals receiving GRP cell transplants. (**c**) Photomicrographs showing that BDA-labeled axons enter sites of GDA^BMP^ transplantation (i.e., the dense red zone in the center) (**c**) and many of these axons traverse the injury site following GDA^BMP^ transplantation to re-enter normal tissue. (**d**) Staining with anti-glial fibrillary acidic protein (GFAP) antibodies reveals the disorganized glial scar tissue that occurs following dorsal column transection, even when GRP cells were transplanted. The unlabeled tissue on the left of the picture contains transplanted GRP cells. (**e**) In contrast, transplantation of GDAs^BMP^ is associated with extensive linear re-organization of the host astrocytes. As the GDAs^BMP^ down-regulate GFAP expression following transplantation, they are not visualized in this figure with anti-GFAP staining. Other stains (not shown) reveal these cells, which occupy the area to the left of the GFAP staining in (e), are linearly organized with the host astrocytes

As seen in previous studies of contusion SCI \[[@CR88], [@CR106], [@CR107]\], GRP cell transplantation failed to provide significant regenerative or behavioral benefit in transection injuries, despite evidence of having generated GFAP-positive cells within injury sites. Taken together, these results demonstrate that controlled pre-differentiation of GRP cells into specific GDAs before transplantation into SCIs is required to optimize outcomes. This is a particularly important concept, as it may dictate the way in which scientists and clinicians should approach the use of stem/progenitor cells to maximize tissue repair, with the recognition that transplantation of undifferentiated stem or progenitor cells may not be the optimum means of using these cells, whereas transplantation of their pre-differentiated derivatives may provide far greater benefit.

The experiments on transplantation of GDAs^BMP^, thus overturn the prevailing scientific notion that astrocyte transplantation therapies do not provide significant benefit in the treatment of SCI. Critically, these experimental outcomes also directly challenge the view that after transplantation of undifferentiated stem or progenitor cells, the injured tissue is capable of providing the appropriate signals to direct precursor cells along cell differentiation pathways that are useful for repairing the traumatically injured spinal cord.

Transplantation of the Wrong Astrocyte Population Fails to Promote Regeneration {#Sec5}
===============================================================================

The next question that must be asked regarding the development of astrocyte transplantation therapies is whether all astrocytes generated from GRP cells are equivalent in their ability to promote repair. GRP cells are of particular interest in regard to addressing this question due to their earlier discussed ability to generate 2 distinct populations of astrocytes.

The astrocytes generated from spinal cord GRP cells as a consequence of exposure to ciliary neurotrophic factor (GDAs^CNTF^), or to other agonists for gp130 receptors, exhibit a very different phenotype from GDAs^BMP^. These two populations differ in antigenic phenotype, morphology, expression of FGF receptor-3 and expression of axon growth inhibitory proteoglycans, such as neurocan and phosphacan \[[@CR40], [@CR80]\].

To determine the usefulness of GDAs^CNTF^ in SCI repair, we transplanted these cells into transection injuries of the spinal cord as in our studies on GDAs^BMP^ and analyzed axon regeneration, neuroprotection, and behavioral recovery (Fig. [3](#Fig3){ref-type="fig"}). In these experiments, homogenous populations of embryonic (E13.5) rat GRP cells were cultured as for the generation of GDAs^BMP^, except that CNTF was added to cultures for 1 week to induce differentiation into pure populations of GDAs^CNTF^. These astrocytes were then collected and transplanted into acute adult rat dorsal column SCIs in an identical fashion to that previously used for transplantation of the GDAs^BMP^. The ability of the intra-injury transplanted GDAs^CNTF^ to support axon growth was determined by analysis of the regeneration of severed endogenous ascending dorsal column axons labeled with biotinylated dextran amine.Fig. 3Transplantation of astrocytes generated by exposing GRP cells to BMP (GDAsBMP), but not astrocytes generated by exposing GRP cells to CNTF (GDAsCNTF), promotes extensive axonal regeneration, tissue reorganization and behavioral recovery following experimental spinal cord injury. (**a**) Biotinylated dextran amine (BDA)-labeled endogenous, ascending dorsal column axons (green) fail to cross GDA^CNTF^ transplanted injury sites and instead form dystrophic endings within caudal injury margins. Although a few axons sprout towards the injury center, BDA^+^ axons are rarely detected beyond the injury/transplantation site at 8 days postinjury/transplantation. Scale bar = 200 μm. (**b**) In contrast, transplanted GDAs^BMP^ support extensive axon growth across dorsal column injuries at 8 days after injury/transplantation. Scale bar = 200 μm. (**c**) Intra-injury GDAs^CNTF^ are uniformly glial fibrillary acidic protein (GFAP^+^) within acute dorsal column injuries. Note the co-localization (yellow) of human placental alkaline phosphatase (hPAP) (red) with GFAP (green). GDAs^CNTF^ GDAsCNTF align host astrocytic processes within injury margins. Survival at 8 days post-injury/transplantation. (**d**) Graph showing the average number of missed steps per experimental group from 1 day before injury (baseline pre-injury) to 28 days after injury for all GDA-transplanted/dorsolateral funiculus injured rats *versus* the control-injured animals. GDA^BMP^-transplanted animals (green) performed significantly better than GDA^CNTF^-transplanted animals and injured control animals at all postinjury time points (*p* \< 0.05). Note that the performance of GDA^CNTF^-transplanted animals was not different from untreated control injured rats at all time points (2-way repeated measures analysis of variance; \**p* \< 0.05). N = 9 rats per group

In contrast with the effects of GDAs^BMP^, we found that GDAs^CNTF^ failed to provide significant benefit in the repair of SCI \[[@CR40]\]. The GDAs^CNTF^ did not provide supportive bridges for growth of ascending dorsal column axons across sites of injury. Moreover, the transplanted GDAs^CNTF^ failed to suppress host astrogliosis within injury margins and also failed to cause linear re-alignment of host astrocytes. In contrast, transplants of GDAs^BMP^ once again suppressed astrogliosis and caused extensive linear realignment of host astrocytes. When transplanted to transection injuries of dorsolateral funiculus white matter in which axons of the rubrospinal tract were severed, GDAs^CNTF^ also failed to rescue injured neurons of the red nucleus.

Behavioral analysis of GDA^CNTF^-transplanted animals was consistent with the lack of axonal regeneration. Animals transplanted with GDAs^BMP^ showed evidence of both initial neuroprotection (as shown by the grid-walk performance at 3 days postsurgery) and continued improvement with time. In contrast, animals transplanted with GDAs^CNTF^ were indistinguishable at all time points from untreated control SCI rats.

Transplantation of the Wrong Cells can Cause Harm: Causation and Prevention of Neuropathic Pain Syndromes Related to Treatment of SCI {#Sec6}
=====================================================================================================================================

One of the most critical, but frequently overlooked, aspects of therapeutic development is the identification of means by which particular therapies may actually cause harm. Previous studies of NSCs transplanted into the injured spinal cord have demonstrated that transplantation of these cells can cause neuropathic pain syndromes (allodynia), and that induction of such syndromes could be prevented by genetically modifying NSCs to prevent them from generating astrocytes \[[@CR108], [@CR109]\]. As neuropathic pain is one of the most important contributors to a reduced quality of life in spinal injury patients, and has even been suggested to be a major reason for suicide in individuals with SCI, it was of critical importance to determine whether GDA transplantation might also cause such syndromes.

In comparing the effects of both types of GDAs on induction of pain syndromes, we found that transplantation of GDAs^CNTF^ causes both mechanical allodynia and thermal hyperalgesia, two important components of neuropathic pain syndromes (Fig. [4](#Fig4){ref-type="fig"}). Our studies showed that GDAs^CNTF^ are not alone in causing such syndromes, as GRP cell transplantation also promoted both forms of pain in rats with cervical SCIs. Most importantly, in sharp contrast with the adverse effects of GDA^CNTF^ and GRP cell transplantation, transplantation of the beneficial GDAs^BMP^ did not cause either form of pain syndrome \[[@CR40]\].Fig. 4Von Frey filament and hot-plate analysis of mechanical and thermal allodynia. (**a**) Withdrawal threshold of the right front paw to a mechanical stimulus (force in grams). Measurements were made 2, 3, 4 or 5 weeks after animals received dorsolateral funiculus lesions and were transplanted withGRP cells, GDAs^BMP^ or GDAs^CNTF^, or vehicle alone after dorsolateral funiculus injury/transplantation. (**b**) Latency (in seconds) to paw withdrawal from a heat source. Note that injury alone and GDA^BMP^ transplantation do not induce statistically significant mechanical or thermal allodynia at any time point. However, the mechanical threshold and latency to withdrawal from a heat source were both significantly lower in animals transplanted with GRP cells or GDAs^CNTF^, beginning at 2 and 3 weeks, respectively, post-injury/transplantation. Asterisks denote a statistical difference from time-matched control animals (two-way repeated measures, ANOVA, *p* \< 0.05). Error bars represent 1 SD. BDA = biotinylated dextran amine; BMP = biotinylated dextran amine; CTNF = ciliary neurotrophic factor

Our studies of glial cell transplant-induced allodynia, therefore, further demonstrated the usefulness of GDAs^*BM*P^ in repairing the injured spinal cord without such an adverse side effect. At the same time, our studies provide the first identified differentiated neural cell type (i.e., the GDA^CNTF^) that causes severe pain syndromes following cell transplantation to the injured cord \[[@CR108], [@CR109]\]. Importantly, the identification of an astrocyte subtype that can be derived from glial precursor cells by their exposure to CNTF, which is upregulated in the injured adult spinal cord, raises the possibility that some of the neural stem cell or glial precursor cell transplantation therapies, now moving into clinical trials, run a significant risk of causing similar pain syndromes. These observations provide more support for the view that GDAs^BMP^ represent a particularly promising cell population for repairing the injured spinal cord.

Development of Human Astrocyte Transplantation Therapies {#Sec7}
========================================================

The next essential step in the development of clinically useful astrocyte transplantation therapies is to determine whether similarly beneficial effects can be obtained with human GDAs^BMP^ (hGDAs^BMP^). We have recently accomplished this by providing the first human astrocyte capable of promoting extensive repair of SCI \[[@CR41]\]. Moreover, our results with human cells reinforce the paradigms established through our work on rodent cells by demonstrating that the same considerations apply to the generation of therapeutically useful cell types from human glial precursor cells.

We first found that when human embryonic glial progenitor cells (hGPCs) isolated from spinal cords of 9.5-week-old abortuses were exposed to bone morphogenetic protein-4 (BMP) or CNTF, we induced astrocytes with markedly different phenotypes. Both BMP and CNTF-induced astrocyte populations express GFAP, aquaporin 4, and S100β, which are three widely used markers of astrocyte differentiation \[[@CR42], [@CR110]--[@CR114]\]. human GDAs^BMP^ (hGDAs^BMP^) also expressed connexin 43, glutamate transporter 1, A-kinase anchoring protein-12 (AKAP12), and glial-derived neurotrophic factor (GDNF), all of which are expressed in the astroglial lineage \[[@CR115]--[@CR117]\]. In contrast, human astrocytes derived from hGPCs treated with CNTF did not induce expression of glutamate transporter 1, connexin 43, AKAP12, or GDNF. Instead, hGDAs^CNTF^, but not hGDAs^BMP^, expressed several antigens commonly expressed in astrocytes generated in response to injury, including Oligodendrocyte transcription factor-2 (Olig2) and the CSPGs brevican, phosphacan, and CSPG4 \[[@CR59], [@CR68], [@CR118]--[@CR121]\]. These results are similar to those obtained with cells derived from the embryonic rat spinal cord and indicate that two distinct types of human astrocyte populations can be generated in vitro from hGPCs, by exposure of precursor cells to BMP or CNTF.

Examination of transplants revealed that both hGDA^BMP^ and hGDA^CNTF^ transplants spanned the rostral to caudal extent of injury sites to effectively provide continuous substrates for potential growth of host axons across sites of injury (Fig. [5](#Fig5){ref-type="fig"}). However, examination of axonal densities revealed that hGDA^BMP^ grafts contained many 200 kD neurofilament plus axons, whereas relatively few axons were observed to have penetrated the center of hGDA^CNTF^ grafts.Fig. 5Astrocytes generated by exposing human glial precursor cells (hGPCs) to BMP (hGDAs^BMP^) are robust promoters of axonal regeneration and behavioral recovery, whereas astrocytes generated by exposing GRP cells to CNTF (hGDAs^CNTF^) and hGPCs themselves are not (**a**-**c**). Human GPCs grown in fibroblast growth factor-2 (FGF-2) (**a**) were induced to differentiate into astrocytes using BMP (**b**) or CNTF (**c**). Labeling with anti-glial fibrillary acidic protein (GFAP) (Alexa-488) demonstrates that both BMP and CNTF induce differentiation of human glial precursors into glial fibrillary acidic protein (GFAP)-expressing astrocytes, whereas Olig2 expression (Alexa-568) is not seen in hGDAs^BMP^. Scale bar = 50 μm. (**d**, **e**) Immunostaining for human mitochondrial marker (red channel) of histological cross sections at sites of injury revealed hGDAs^BMP^ (**d**) and hGDAs^CNTF^ (**e**) transplant masses spanning the dorsal-ventral and lateral-medial margins of injury sites. Co-labeling for neurofilament (NF) (green) and human mitochondrial marker (hMito) (red) shows a markedly higher density of axons within hGDAs^BMP^-treated injury sites (**d**) compared to hGDAs^CNTF^-treated injury sites (**e**). Survival = 5 weeks post injury/transplantation. Scale bar = 100 μm. (**f**) Human GDAs^BMP^ promote robust locomotor recovery, but hGDAs^CNTF^ and hGPCs do not. The graph shows the average number of mistakes per experimental group made during grid walk testing of locomotor recovery at 1 day before injury to 28 days after injury. In 2 separate experiments, hGDA^BMP^ transplanted animals (closed circles) performed significantly better than hGDA^CNTF^ or hGPC not shown) transplanted animals at all time points from 7 to 28 days postinjury/transplantation. The performance of hGDA^CNTF^ or hGPC (not shown) transplanted animals was not significantly different from control injured rats at all time points (2-way repeated measures analysis of variance; \*p \< 0.05). (**g**) Human GDA^BMP^ transplantation led to significant increases in numbers of neuronal nuclei-positive (NeuN+) neurons counted in a 1.8-mm length of spinal cord encompassing the injury site. Graphs show percentage changes in numbers of NeuN + neurons in laminae 4 to 9; laminae 4, 5, and 6; 7, 8 and 9 in spinal cords from animals that received transplants of 9 W2 or 9 W1 hGDAs^BMP^, hGDAs^CNTF^, or hGPCs and untreated control injuries

Despite the similar ability of transplanted hGDAs^BMP^ and hGDAs^CNTF^ to span the rostral to caudal extent of injury sites and migrate into adjacent tissues, only hGDAs^BMP^ promoted locomotor recovery following transplantation into dorsolateral funiculus (DFL) transection injuries. This injury severs descending, supraspinal axons and causes chronic deficits in both fore-limb and hind-limb motor function \[[@CR122]\], which can be detected by the grid-walk/horizontal ladder behavioral test \[[@CR123]\]. Although a similar average number of mistakes were seen in each group at 3 days postinjury/transplantation (Fig. [5a](#Fig5){ref-type="fig"}), by day 7 the hGDA^BMP^ group improved from an average 7.7 ± 0.7 mistakes per crossing to 4.7 ± 0.8, and further improved by day 28 to only 2.4 ± 0.2 mistakes, comparable to pre-injury scores. In comparison, at 28 days post injury the untreated injury group and animals receiving h^CNTF^ transplants made 6.7 ± 0.5 and 6.5 ± 0.5 mistakes, respectively. The number of mistakes made by the rats in the hGDA^CNTF^ group was not significantly different from those in the media-injected DLF-injured control group and did not improve statistically with time.

Furthermore, as for rat-derived cells, we found that pre-differentiation of human glial precursor cells was required to obtain significant benefit. Animals that received hGDA^BMP^ transplants performed significantly better on the grid-walk test than either the hGPC transplanted group or the media-injected control injury group at all time points from 7 to 28 days post injury/transplantation. In contrast, the number of mistakes made by the hGPC-treated group was not different from the untreated injury control group at all postinjury time points and did not improve statistically with time.

Differences in behavioral recovery were mirrored by marked differences in promotion of neuronal survival within ipsilateral spinal cord gray matter immediately adjacent to sites of injury and even within rostral and caudal gray matter, in which no transplanted hGDAs^BMP^ were observed. Significant improvements in neuronal survival in multiple laminae were seen in a 1.8-mm length of spinal cord encompassing the injury site of hGDA^BMP^-treated animals. Combined neuron counts for laminae 4 to 9 showed that hGDA^BMP^ transplantation promoted increases of 40% and 32%, in two separate experiments, of surviving neurons compared to untreated injured spinal cords, with significant increases seen in all laminae. Analysis of a region closer to the site of injury, through 750 μm of tissue spanning the injury center, revealed notably robust increases in numbers of neurons for lamina 7 (35% and 32%) and laminae 8 and 9 (70% and 54%), which were greater than control injured cords.

Why are GDAs^BMP^ Beneficial? {#Sec8}
=============================

Determination of the exact mechanisms by which any cell type provides benefit after transplantation to the traumatically injured CNS is challenging, given the wide range of possible effects of such procedures, and we would suggest that there are a variety of means by which GDA transplantation contributes to the recovery of locomotion observed in our acute SCI experiments. As some recovery of function was already seen 3 days after transplantation of rat GDAs^BMP^, it seems likely that some benefit occurs as the result of protection of endogenous neuronal populations. This would be consistent with our observed rescue of red nucleus neurons from atrophy in our GDA^BMP^ transplants \[[@CR39]\] and extensive rescue of spinal motor neurons in our transplants of hGDAs^BMP^ \[[@CR41]\]. Rescue of red nucleus neurons from atrophy has been achieved previously through provision of brain-derived neurotrophic factor (BDNF) \[[@CR124]\]. Ongoing analyses of gene expression in GDAs shows readily detectable levels of BDNF mRNA in GDAs^BMP^ (C. Pröschel, unpublished observations). In contrast, previous studies indicate that postnatal cortex-derived astrocytes (which have a type-1 morphology and antigenic phenotype) do not make BDNF \[[@CR42]\], revealing another advantage of GDAs^BMP^ and indicating that the antigenic category of type-1 astrocytes \[[@CR95]\] in which GDAs were originally placed \[[@CR79], [@CR80]\] is too broadly defined and needs refinement. The significant increases in behavioral recovery from 3 days onward, however, also suggests that axon regeneration and/or plasticity of connection may have contributed to overall functional recovery. The significantly greater number of neurons with cell body diameters over 20 μm in the injured red nucleus of GDA^BMP^-treated animals at 5 weeks after injury, combined with the further elongation of rubrospinal tract (RST) axons in caudal white matter observed between 8 days and 5 weeks, supports a possible contribution of RST axon growth and plasticity to overall behavioral recovery \[[@CR39]\]. However, this too probably only represents a partial component of the contribution of GDAs^BMP^ to recovery.

The ability of GDAs^BMP^ to provide benefit to ascending dorsal column and RST axons and to rescue motor neuron survival \[[@CR39], [@CR41]\] raises the possibility that these astrocytes will also be found to support the recovery of other axon populations relevant to locomotion, such as those in the descending reticulospinal and lateral corticospinal pathways.

Delayed expression of inhibitory CSPGs associated with GDA^BMP^ transplantation also may contribute to enabling regenerative axon growth. The absence of neurocan and NG2 immunoreactivity shown by GDAs^BMP^ within sites of injury indicates that intra-lesion GDAs^BMP^ may be refractory to signaling molecules known to induce expression of neurocan in neonatal astrocyte cultures \[[@CR125]\]. Thus, intra-lesion GDAs^BMP^ maintained an axon-growth supportive phenotype with respect to CSPG expression. Moreover, the presence of GDAs^BMP^ within lesions also modified the host response to injury and resulted in a significant reduction in NG2 expression within injury centers and a delay in neurocan expression at injury margins \[[@CR39]\], which together may have created a window of opportunity for axons not only to enter, but also to exit the injury site.

We are also particularly intrigued by the ability of GDAs^BMP^ to promote/preserve linear tissue organization at sites of injury. Although previous studies have demonstrated that alignment of host astrocytic processes alone is not sufficient to promote axon growth across CNS injuries in the presence of inhibitory CSPGs \[[@CR60], [@CR126]\], clearly the efficiency of axon growth across an injury site with reduced inhibitor expression will be enhanced if axons are not required to negotiate a maze of misaligned cellular processes that typify glial scar tissue. The fact that a dissociated suspension of GDAs^BMP^ is able to effect a linear alignment within acute adult spinal cord transection injuries without the addition of an aligned biomatrix suggests that the creation of such tissue organization is a fundamental aspect of the biology of these cells. For larger injuries, however, particularly those found in human patients with severe contusion injuries, it may prove necessary to incorporate GDAs^BMP^ into an aligned biomatrix to effectively bridge these comparatively large injuries.

The extent to which astrocyte migration is important in providing benefit is unclear in light of some of our results. It is known that astrocytes (or cells that give rise to astrocytes) can effectively migrate into the injured and normal spinal cord \[[@CR127]--[@CR129]\], and it has been suggested that such migration is important to understanding the benefits provided by these cells (for more detail see Okada et al. \[[@CR23]\]). However, we have seen protection of neurons even in spinal cord laminae that were not populated by transplanted hGDAs^BMP^ \[[@CR41]\]. Moreover, it is critical to note that in our studies on both rat GDAs^BMP^ and hGDAs^BMP^, we have seen that the continued presence of the transplanted astrocytes in the lesion is not necessary to achieve a durable behavioral recovery \[[@CR39]--[@CR41]\]. Such outcomes make it clear that the effects of these transplanted astrocytes on the *host* tissue is critical to understanding the benefits gained from these cells, a situation very different from the expected dependence of recovery on maintained transplant function in situations in which the transplanted cells are themselves a part of neuronal circuitry or are the generators of new myelin.

What Have We Learned? {#Sec9}
=====================

Besides the identification of a novel astrocyte population that appears to have considerable promise as a cell-therapeutic tool to promote CNS injury repair, there are several other conclusions/hypotheses we can draw from these findings that we suggest have broader implications for the field of cell therapy as a whole and for neuroscience research in particular.

The first issue of concern is whether injured tissue can optimally induce the differentiation of transplanted precursor cells in a manner that best restores tissue function. Our data indicate there are significant reasons for thinking this is not always the case. In the specific instance of astrocyte generation in the injured spinal cord, the comparatively poor performance of GRP cells, as compared with GDAs^BMP^, in promoting repair when transplanted into acute spinal cord injuries suggests that, in this instance, the injured cord is not inducing the generation of optimally useful populations of astrocytes. It is not yet known whether the reason GRP cells are less effective at promoting axon regeneration, protection of neurons, and recovery of locomotor function in SCI rats is due to an absence of factors in the injury site that are required to induce formation of astrocytes, such as GDAs^BMP^, or whether precursor cells transplanted into acute spinal cord injuries are instead exposed to factors that induce their differentiation along alternative cell lineage pathways that result in cell types that are not supportive of spinal cord repair. In respect to the endogenous precursor cells of the spinal cord, the presence of Olig2+/GFAP+ and NG2+/GFAP+ astrocytes in the injury site \[[@CR118], [@CR119], [@CR121], [@CR130], [@CR131]\] suggests that these precursor cells are being induced to differentiate into cells that are more akin to GDAs^CNTF^. Further support for this hypothesis is provided by studies from the Alonso lab \[[@CR132]\], indicating that endogenous adult glial progenitors contribute to scar formation at sites of injury via their differentiation into glial scar astrocytes.

If the endogenous precursor cells present in the adult tissue all represent specialized adult-specific type of O-2A progenitor cells \[[@CR133]--[@CR135]\], it may be that they are only capable of differentiating into type-2 astrocytes, which have an antigenic phenotype resembling that of astrocytes generated from spinal cord GRP cells following exposure to CNTF or other gp130 agonists \[[@CR40], [@CR80]\].

Regardless of the specific reasons for the failure of GRP cells to provide the degree of benefit provided by GDAs^BMP^, the benefits provided by transplantation of pre-differentiated GDAs^BMP^ have been robust in all of our studies \[[@CR39]--[@CR41]\]. Therefore, this is a substantively different paradigm than applies to the repair of demyelinating damage for which it is progenitor cell transplantation that is required to obtain optimal repair, with transplantation of oligodendrocytes themselves being largely ineffective in this regard \[[@CR136]\].

In considering the previous issues, however, it is important to stress that we are at the earliest stages of understanding the complexity of the astrocyte-related response to CNS injury. For example, studies of Okada et al. \[[@CR23]\] have elegantly demonstrated important beneficial contributions of endogenous astrocytes (and/or their precursor cells) to the response to SCIs. Recent studies from the Kessler laboratory \[[@CR24]\] have shown that different BMP receptors (BMPR1a and BMPR1b) elicit different effects on gliosis, with BMPR1a promoting an early astrocytic hypertrophy response that appears to be beneficial. BMPR1b, in contrast, appears to be of primary importance in the later generation of reactive astrocytes that play an important role in glial scar formation and progression. Whether these two responses represent still another later of astrocyte complexity, or are related to the biology of the 2 astrocyte populations we have been studying is not yet known, but the possibility is intriguing to consider.

The second conclusion to emerge from our studies is that not all astrocytes are equivalent in their ability to promote repair. Functional heterogeneity in astrocyte populations has been observed for some time, both *in vivo* and *in vitro* \[[@CR4], [@CR5], [@CR17], [@CR18], [@CR137]--[@CR148]\]. It has not been known, however, whether such differences represent different traits of a single astrocyte population or truly distinct cell types generated from different progenitor cells and/or via different signaling mechanisms. In contrast, our studies unequivocally establish that different astrocytes are functionally very different in their effects on SCI repair. Our results further demonstrate that transplantation into the damaged CNS provides a useful approach to the discovery of functional differences between astrocyte populations.

A third lesson that emerges from our studies is that it is critically important to fully define cell populations (preferably at the clonal level) to pursue their development for tissue repair. GRP cells and O-2A progenitor cells are purified on the basis of antigenic phenotype, the timing of development at which they are isolated, and the tissue from which they are isolated, but the antibodies used for their purification are identical \[[@CR25], [@CR78], [@CR80], [@CR86]\]. Moreover, GRP cells can express the platelet-derived growth factor receptor-α, NG2 and Olig2, while still retaining their capacity to generate astrocytes with both type-1 and type-2 characteristics \[[@CR78]\] *in vitro*. It is only by clonal analysis of GRP cells to be certain that one has a homogeneous population of such cells. If the field of cell therapy develops in a manner analogous to the development of pharmaceuticals, it will be increasingly important to demonstrate the absolute purity of the populations to be used for transplantation.

The previously described considerations suggest that too little is presently known to enable reliable generation of optimally beneficial astrocytes from human embryonic stem cells (ESCs) or from induced pluripotent stem cells. The means of preferentially generating GRP cells *versus* O-2A progenitor cells from either ESCs or induced pluripotent stem cells have not been identified, and the lack of antigenic markers that distinguish these populations means that it is not possible to directly purify either of these populations from induced cultures. Therefore, even though it is possible to generate astrocytes from ESCs, the types of astrocytes are not clear. It will be essential to compare such astrocytes with GDAs^BMP^ to determine if they are equivalently useful in promoting repair.

The importance of attention to detail is indicated by the recent studies from Fischer et al., in which they also studied the effects of transplantation of human embryonic glial precursor cells and astrocytes generated from them by exposure to BMP \[[@CR84]\]. In agreement with our studies, no significant recovery in motor function was seen in animals receiving the human glial precursor cells. In sharp contrast with our studies, however, there was no significant recovery in motor function seen in the animals receiving the hGPC-derived astrocytes, and there was also no difference in the ability of either population to promote axonal outgrowth. What could be the explanation for the differences between their studies and those we conducted? Certainly, there were multiple differences in the approaches utilized in these studies as compared with our own. Fischer et al. carried out transplants into contusion injuries, in athymic rats, and delayed transplantation until 9 days after injury. They also grew cells on different substrates than used in our experiments. Our ongoing studies suggest that it is not these differences, however, that are the critical ones in respect to the study of regeneration. We note, however, that the use of athymic rats may have compromised the ability to adequately study neuropathic pain syndromes in these animals due to the importance of cells of the immune system in generating these syndromes \[[@CR149]--[@CR152]\]. Finding out what differences are responsible for generating useful astrocytes *versus* astrocytes that do not provide the robust benefits repeatedly seen in our own studies will be essential if we are to develop astrocyte transplantation therapies as a useful approach to CNS repair.
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AMPA

:   a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

AQP4

:   aquaporin 4

BMP

:   bone morphogenetic protein-4

CNS

:   central nervous system

CNTF

:   ciliary neurotrophic factor

CSPG

:   chondroitin sulfate proteoglycan

DFL

:   dorsolateral funiculus

ESC

:   embryonic stem cell

FGF

:   fibroblast growth factor

GDA

:   GRP-derived astrocyte

GDNF

:   glial-derived neurotrophic factor

GFAP

:   glial fibrillary acidic protein

GLT-1

:   glutamate transporter 1

GRP

:   glial precursor cell

hGPC

:   human glial precursor cell

iPSC

:   induced pluripotent stem cell

mRNA

:   messenger RNA

NSC

:   neuroepithelial stem cell

O-2A

:   oligodendrocyte/type-2 astrocyte

OMIM

:   Online Mendelian Inheritance in Man

SCI

:   spinal cord injury

VWM

:   vanishing white matter disease
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